DESPITE ONGOING PROGRESS and developments in magnetic resonance (MR) acquisition and reconstruction technology, respiratory motion remains a major problem in coronary MR angiography (CMRA). The currently used methods typically employ 1D navigator echoes to estimate the respiratory signal from the foot-head (FH) translational motion of the diaphragm, which is employed to gate and correct data acquisition of the heart (1) . Respiratory gating is used to acquire MR data only when the respiratory signal coincides with a predefined acceptance window, preferably endexpiration, while all other data are being rejected. Residual motion within the gating window or bin is usually corrected using a predefined tracking factor of 0.6 that accounts for the relationship between respiratory-induced diaphragmatic and cardiac motion (2) . This approach has been shown to considerably reduce motion artifacts when small gating windows are employed; however, it leads to prolonged scan times since only a fraction of the acquired data is accepted for reconstruction (referred to as scan efficiency). Moreover, in subjects with highly irregular breathing patterns, drift in respiratory motion can lead to scan abortions due to low scan efficiency. Another drawback of the navigator-gated approach is the use of an oversimplified and patient-independent model for motion correction that accounts for FH translational motion only. Studies have shown that, especially for large or no gating windows, 3D affine transformations are needed to accurately model the motion of the heart throughout the respiratory cycle (3, 4) .
Several approaches have been proposed to overcome some of these problems, including subjectspecific tracking factors to improve motion correction (5, 6) , self-gating techniques to simplify acquisition and directly estimate the respiratory induced cardiac motion from the acquired data (7) (8) (9) , and image-based navigators to eliminate the need of respiratory motion models and allow separation of static tissues from the moving heart (10) (11) (12) (13) (14) (15) . Most of these approaches correct respiratory motion in a beat-to-beat fashion; however, they are typically limited to 1D, 2D, or 3D translational motion only. To account for more complex and 3D motion, "respiratory binning" techniques have been recently proposed (16) (17) (18) (19) . With this approach the respiratory signal is divided into several states of the breathing cycle or "bins" and afterwards corrected to a reference position using the motion estimated from low-resolution images. These methods achieve 100% scan efficiency and therefore reduce the acquisition time. A 3D CMRA radial acquisition has been used previously (16, 19) to estimate the respiratory motion between bins from the data itself by reconstructing low-resolution images at each respiratory bin. The drawbacks to this approach are that radial trajectories intrinsically have a lower signal-tonoise ratio (SNR) compared with Cartesian trajectories (20, 21) , epicardial fat recovery may impair image quality for long acquisition windows, as radial trajectories repeatedly sample the center of k-space (22) , and prolonged reconstruction time. Similar approaches using respiratory binning have been implemented for Cartesian sampling (17, 18) ; however, they require the acquisition of dedicated lowresolution images in addition to the CMRA data, which may result in a time delay between motion sensing and the actual CMRA acquisition.
In this work, we propose a new 3D respiratory binning motion correction approach for Cartesian wholeheart CMRA which does not require the acquisition of additional data for motion estimation. This approach achieves 100% scan efficiency by estimating the motion from the data itself and correcting the acquired data directly in the reconstruction process. This is accomplished by using a golden-step Cartesian acquisition with spiral profile order (G-CASPR) to enable reconstruction of respiratory resolved images at any breathing position and with different respiratory window size. Affine motion parameters are estimated from image-based registration of 3D undersampled respiratory resolved images reconstructed with iterative sensitivity encoding (SENSE) (23) and motion correction is performed directly in the reconstruction using a multiple-coils generalized matrix formulation method (24) . This approach was tested on healthy volunteers and compared against a conventional diaphragmatic navigator-gated acquisition to assess the feasibility of the proposed framework.
MATERIALS AND METHODS
The proposed approach can be divided into three steps, as illustrated in Fig. 1 . In the first step, image acquisition is performed using a Cartesian trajectory allowing reconstruction of respiratory resolved undersampled images. Second, image-based registration is performed to estimate the affine tissue deformation between the image at the most common respiratory position (typically end-expiration) and all remaining respiratory images. Finally, the estimated motion is used to correct the acquired data in the reconstruction process using a matrix description of general motion correction (24) . The following sections describe all three steps in further detail, as well as the experiments performed to validate this approach. Figure 1 . Proposed approach. a: Image acquisition is performed using a golden-step Cartesian trajectory with spiral profile ordering, where the angular step between two consecutive spiral interleaves is given by the golden ratio. b: Acquired data is binned into different respiratory positions according to their position in the respiratory signal given by a 1D navigator echo; the undersampled data at each bin is then reconstructed using iterative SENSE to obtain respiratory-resolved undersampled images that can be registered to a common respiratory position. c: 3D affine motion parameters T t estimated from imagebased registration are incorporated directly in the reconstruction process using a matrix description of general motion correction. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
Image Acquisition
To allow reconstruction of multiple 3D images at different respiratory positions throughout the entire breathing cycle, a quasi-uniform k-space distribution should be ensured in each respiratory window. However, k-space distribution in each window is difficult to predict since breathing patterns vary in each subject and for each scan. To overcome this problem, data are acquired using G-CASPR, an extension of (25) . G-CASPR samples the phase-encoding plane following approximate spiral interleaves on the Cartesian grid. The angular step between two consecutive spiral interleaves is given by the golden ratio w ¼ 0.618 ( Fig. 1a ). More details of the sampling implementation follow. This trajectory ensures quasi-uniform k-space sampling at any breathing position and for any respiratory window, independently of the breathing pattern due the golden angle step properties (26) .
The G-CASPR sampling pattern defines a temporal ordering of phase-encoding lines on a Cartesian grid (ky-kz) that resemble approximate spirals. The segmentation of the Cartesian grid in approximate spirals is performed by the following procedure: 1) First, the total number of phase-encoding lines in an elliptical ky-kz plane is adjusted to an integer multiple of N Â M, where N is the number of phase-encoding lines for each spiral interleaf and M is the number of spiral interleaves; 2) then the elliptical ky-kz plane is segmented in N concentric elliptical rings and the phaseencoding lines within each ring are sorted according to increasing angle; 3) the spiral interleaves are defined to perform a full 360 turn from the center of k-space to the periphery. This is achieved by splitting each elliptical ring in N angular segments and defining the spiral interleaves by picking the phaseencoding lines in the sorted order starting from the central to the outermost ring and moving to the next angular segment with each successive ring. For example, the first spiral is obtained with the samples in (ring 1, angular segment 1) À (ring 2, angular segment 2) À . . . À (ring N, angular segment N), whereas the second spiral samples (ring 1, angular segment 2) À (ring 2, angular segment 3) À . . . À (ring N, angular segment 1). This leads to spiral interleaves sorted according to increasing angle from 0 to 360 ; and 4) finally, the spiral interleaves are temporally ordered according to a golden ratio permutation. In order to do this each spiral interleaf is labeled by its central angle in angular steps of 2p/M, where M is the number of spiral interleaves. The golden ratio permutation of the corresponding angles is determined by successively selecting the angle closest to 2pgn wrapped to the interval [0, 2p], where g ¼ 2/(1þͱ5) is the golden ratio and n ¼ 1, 2, . . . is the iteration number. After selecting a certain angle, it is removed from the list such that after M iterations all angles from the list are selected.
Steps 1-3 are shown in a schematic example in Fig. 2 . Let's consider 21 spiral interleaves and 9 samples per interleaf. First, the elliptical region of 21 Â 9 samples is divided in 9 concentric elliptical rings (regions in redgreen -blue -orange -cyan -pink -yellow -brown and gray in Fig. 2 ). Then the 21 samples per ring are sorted according to increasing angles (order indicated by numbers of the color of each concentric elliptical region in Fig. 2 ). Finally, the spiral interleaves are defined to perform a full 360 turn from the center of k-space to the periphery by selecting the phase-encoding lines in the sorted order starting from the central to the outermost ring and moving to the next angular segment with each successive ring. In the example in Fig. 2 , the order of the first spiral will be: 1 red -2 green -3 blue -4 orange -5 cyan -6 pink -7 yellow -8 brown -9 gray.
Motion Estimation
The acquired data were retrospectively assigned to five respiratory bins according to their position in the breathing cycle (given by the 1D diaphragmatic navigator signal), with bin 1 at end-expiration and bin 5 at end-inspiration. Since data assigned to each window are undersampled, iterative SENSE was performed to reconstruct the five undersampled respiratory resolved images. The corresponding undersampling factor varies for each respiratory position according to the breathing cycle, being lower for the most common respiratory position (ie, end-expiration) and higher for the remaining breathing stages. Similar to previous studies (27, 28) , an adaptive binning was performed to ensure a maximum acceleration factor of 8 for all respiratory resolved images using a 32-channel coil. This is possible due to the flexibility of the golden-step approach. The size of each bin was initially defined uniformly according to the amplitude of the respiratory cycle. Subsequently, the width was increased in a sliding window fashion (leading to overlapping bins) for those bins that yield to acceleration factors higher than 8 to ensure enough data for reconstruction. Before undersampled reconstruction, intra-bin translational motion correction was performed in the FH (readout) direction using the diaphragmatic navigator signal and a tracking factor of 0.6 to minimize motion within large-size bins. K-space data in each bin was corrected to the average navigator position within that bin using a phase modulation.
Subsequently, the undersampled reconstructed intra-bin corrected respiratory resolved images were registered to the most common respiratory position (usually end-expiration) to yield 3D affine motion parameters (Fig. 1b) . The 3D affine transformation is a 12-parameter model that describes translation, rotation, shear, and scaling in three dimensions. Image-based registration was performed in a region of interest around the heart using an intensity based image registration (29) .
Image Reconstruction
The estimated 3D affine motion parameters were incorporated directly in the reconstruction using a matrix description of general motion correction (24) . This is an exact formulation for the effect of any motion (rigid, affine, or nonrigid) during acquisition of k-space. Considering m as the motion-free object to be reconstructed, the motion corrupted k-space data b is given by: 5) is a motion matrix that warps the pixels in the reference image m to the remaining respiratory positions, E the encoding matrix, consisting of coil sensitivities and Fourier transform, and S t is the sampling operator that selects the k-samples acquired at the t th respiratory position. This image reconstruction problem is solved iteratively using a linear conjugate gradient method (30) .
In Vivo Experiments
Eight healthy subjects (31.8 6 6.8 years, all men) were scanned on a 1.5T MRI scanner (Philips Achieva, Best, The Netherlands) using a 32-channel cardiac receiver coil. Written informed consent was obtained from all volunteers in accordance with the ethical rules of our institution. 3D segmented balanced steady-state free precession (SSFP) fully sampled G-CASPR acquisitions were performed under free breathing without a gating window. Relevant scan parameters include: field of view (FOV) ¼ 288 Â 288 Â 100 mm, resolution ¼ 1 Â 1 Â 2 mm, TR/TE/flip angle ¼ 4.5msec/2.2msec/70 , T 2 preparation pulse (TE ¼ 50 msec), fat saturation prepulse (SPIR), subjectspecific mid-diastolic trigger delay, subject-specific acquisition window $100-120 msec (20-24 profiles per cardiac cycle), one spiral-like interleaf per R-R interval and coronal orientation. A fully sampled 8-mm navigator gate and track (tracking factor of 0.6) acquisition was performed at end-expiration with the same trajectory (G-CASPR) and identical imaging parameters for comparison purposes. For a fair comparison, the order of acquisition of the two sequences was randomized. The ungated acquisition was reconstructed both with the proposed motion correction and without motion correction. Five undersampled respiratory resolved images covering the complete breathing cycle were reconstructed for each volunteer with the proposed method. Undersampling factors for each bin were typically between 3Â and 8Â depending on the respiratory position and breathing pattern. The image of the bin with the lowest undersampling factor (usually endexpiration) was considered as reference and the images at the remaining respiratory positions were registered to that bin using an affine motion model in a region of interest around the heart. All reconstructions were performed offline with MatLab (MathWorks, Natick, MA) on a 12-Core PC with 196GB memory.
The three reconstructions: 1) no respiratory gating with proposed motion correction (corrected), 2) no respiratory gating without motion correction (noncorrected), and 3) 8-mm navigator-gated and slice tracking (nav-gated) were reformatted to visualize the right coronary artery (RCA) and the left anterior descending artery (LAD), using dedicated software (31) . Reconstruction results were compared in terms of visualized RCA and LAD vessel lengths and sharpness. Vessel sharpness values were normalized relative to the signal intensity of the centerline of each vessel; therefore, 100% sharpness refers to a maximum signal intensity change at the vessel edge.
Qualitative image scoring was also performed by two independent, experienced observers (M.H. and G.G. with 5 and 15 years of experience, respectively, in cardiac MRI) who were blinded to the technique employed. The three reconstructed images (ie, corrected, noncorrected, and nav-gated) were presented simultaneously and next to each other to the observers. The order of these three images was randomly modified for the different volunteers. A visual score was given for the RCA, LAD, and overall image using a five-point scale: 0, no; 1, poor; 2, fair; 3, good; and 4, excellent coronary vessel delineation.
The differences of the quantitative measurements for the three reconstructions were tested with a paired t-test with a P value of 0.05 considered statistically significant. A Wilcoxon signed-rank test was used to Figure 4 . Reformatted images along the RCA and LAD artery from three healthy volunteers. a: Navigator-gated and tracked acquisition with 8-mm navigator window and 0.6 scaling factor (nav-gated). b: Ungated acquisition reconstructed with proposed motion correction approach (corrected). c: Ungated acquisition with no motion correction (noncorrected). Good depiction of RCA and LAD is observed with both nav-gated and corrected approaches; however, blurring can be observed in the LAD and distal RCA when no motion correction is performed. Scan efficiency is indicated in the superior right-hand side of each image. A radiofrequency artifact was present during acquisition of volunteer 1 (top row). test the qualitative measurements for statistical significance difference with a P value of 0.05.
RESULTS
Scans were completed successfully in all subjects. The average scan time with the proposed motion correction technique was 8.49 6 1.00 minutes with 100% scan efficiency. The average scan time for the navigator-gated and tracked acquisition was 14.14 6 2.94 minutes with 61 6 10% scan efficiency. Therefore, the acquisition was approximately two times faster with the proposed approach. The results of the data binning strategy required by the proposed technique are presented in Fig. 3 , which shows the average size and undersampling factor resulting for each bin across all subjects. The large average width for bin 5 was due to the presence of extreme respiratory positions (outliers) and the lower frequency of samples at that respiratory position. The bin size was reduced from 9.87 6 2.94 mm to 8.12 6 2.85 mm when outliers were discarded, but also reducing scan efficiency slightly from 100% to 99.66 6 0.26%. In the present study outliers were not discarded. Reconstruction results for the 8-mm navigator-gated and slice tracking acquisition (nav-gated), the ungated and corrected proposed approach (corrected), and ungated without motion correction (noncorrected) reformatted images are shown in Fig.  4a -c, respectively, for three particular volunteers. Good depiction of the RCA and LAD is observed with the nav-gated and proposed approaches. However, motion blurring is observed in the noncorrected images with the same acquisition time as the proposed technique. In several cases (3 out of 8) the blurring was substantial enough to significantly obscure the visualization of the RCA and LAD, as can be seen in Fig. 5 for two particular volunteers. In these cases the proposed approach shows significantly improved image quality in comparison with the noncorrected approach; however, with slightly decreased quality in comparison with the navigator-gated and tracked acquisition. Analysis of quality measurements for all reconstructed datasets is shown in Fig. 6 including RCA and LAD vessel length and thickness as well as the visual scores. Both RCA and LAD vessel sharpness and lengths show no significant difference with the proposed motion correction in comparison with the navigator-gated approach. A significant increment in LAD vessel sharpness and RCA vessel length was observed with the proposed approach in comparison with the noncorrected one. The visual scores for RCA, LAD, and overall image quality were not significantly different for the proposed approach in comparison with the gated acquisition, whereas all of them were significantly lower with no motion correction. Figure 5 . Reformatted images along the RCA and LAD artery from two healthy volunteers where coronary artery visualization is obscured if no motion correction is performed. a: Navigator-gated and tracked acquisition with 8-mm navigator window and 0.6 scaling factor (nav-gated). b: Ungated acquisition reconstructed with proposed motion correction approach (corrected). c: Ungated acquisition with no motion correction (noncorrected). The proposed motion correction approach shows significantly improved image quality in comparison with the noncorrect approach; however, slightly decreased quality in comparison with the nav-gated acquisition.
The proposed approach was implemented in MatLab and the results in a total processing time of $40 minutes per dataset using a 12-core CPU.
DISCUSSION
A novel approach for 3D affine respiratory motion corrected Cartesian whole-heart coronary MRA has been proposed. This method takes advantage of the reconstruction flexibility of G-CASPR to reconstruct undersampled images at different respiratory bins, which can be used for motion estimation and correction. The proposed method performs 1D translational intra-bin and 3D affine inter-bin motion correction. The results show that the proposed approach achieves good image quality, for both RCA and LAD. A not statically significant difference was found between the proposed method and a diaphragmatic navigator acquisition with 8-mm gating window and a slice tracking factor of 0.6. Visual scores show a slight bias towards the nav-gated reconstruction that may have been produced because the three reconstructions were shown simultaneously and next to each other to the observers. This scoring procedure provides a reference to the observers but also may incite them to rank the images from the highest to the lowest quality. On average, the proposed method reduces the acquisition time by 1.7 in comparison with the navigator-gated approach and yields predictable scan duration.
In the current study, five respiratory bins were employed since this resulted in a reasonable trade-off between bin size and the amount of data within each bin. To minimize errors in the motion estimation due to residual aliasing artifacts, a maximum undersampling factor of 8 was enforced for each bin, as has been shown for similar trajectories, increasing the bin size in a sliding window fashion when this condition was not satisfied. This resulted in a reasonable average bin size of 4.87 mm for bins 1 to 4 and an average bin size of 9.87 mm for bin 5 when outliers were not discarded. To minimize intra-bin motion for large bin sizes, a 1D translational motion correction was performed before calculation of the affine parameters and undersampled reconstruction. Good results were achieved with this strategy for a coronary artery whole-heart protocol using a 32-channel coil.
Compared with other Cartesian techniques (17,18) this method does not require the acquisition of additional dedicated navigator images for motion estimation since respiratory resolved images are reconstructed from the CMRA data itself, therefore reducing the delay between motion sensing and CMRA acquisition. Compared with the radial approach proposed by Bhat et al and Pang et al (16, 19) , this method estimates the motion from undersampled SENSE reconstructed images with the same spatial resolution as the underlying CMRA data; achieves higher signal-to-noise ratio (SNR) due to the Cartesian sampling strategy; and does not require any gridding operation during the reconstruction.
The proposed approach was implemented in MatLab and results in a total processing time of $40 minutes per dataset using a 12-core CPU. However, this is a suboptimal implementation and the total reconstruction could be considerably reduced by using a processing unit implementation (32) .
In this work a generalized matrix formulation approach was used to correct for affine motion directly in the reconstruction process. This matrix formulation can account for any kind of motion and therefore the proposed approach can also be used to correct for nonrigid deformations that may be caused by respiratory drifts. This may improve image quality for those subjects with more complex motion of the heart. The reconstruction time is increased when nonrigid motion correction is performed and therefore was not considered in this study.
The current study used a fully sampled CMRA acquisition to ensure a reasonable undersampling factor for each respiratory bin. Further reduction of the acquisition time can be achieved by undersampling the underlying CMRA data provided sufficient image quality for motion estimation is achieved at each respiratory bin. This can be accomplished by reconstructing all respiratory bins simultaneously using k-t techniques (33) to exploit redundancy between different breathing positions. The use of the generalized matrix formulation approach allows reconstructing the undersampled CMRA using information from the coil sensitivities to estimate the nonacquired data during the motion corrected reconstruction process.
One limitation of this work is that respiratory binning was performed retrospectively based on a 1D diaphragmatic navigator signal. However, the proposed trajectory can be modified for self-gating by acquiring the k-space center for each segment. This will be investigated in future work to allow intra-bin 1D translational motion correction without the need of a motion model.
In conclusion, we have proposed a new 3D affine respiratory motion correction technique for Cartesian whole-heart coronary MRA that achieves 100% scan efficiency and therefore a predictable acquisition time. This technique estimates the affine respiratory motion from the data itself and corrects the acquired data in the reconstruction process. We showed that the proposed method yields image quality comparable to that of an 8-mm navigator-gated longer scan time acquisition and that it outperforms the noncorrected acquisition with the same acquisition time. Further evaluation of this technique in patients is now warranted to determine its clinical use.
